We applied the energy-dispersive x-ray fluorescence technique to determination of trace elements in human bronchoalveolar lavage fluids. Our analysis of more than 200 samples allowed us to determine normal reference values, to be used in characterizing occupational exposure. These values are expressed both in nanog rams per 1000 cells (of all kinds) and nanograms per 1000 macrophages to correlate lavage efficiency and dust content of the alveoli. The result expressed in milligrams per liter is not sufficient, because some healthy volunteers showed high concentrations of iron but normal values when expressed vs the number of cells. Some examples of abnormal compositions of broncho-alveolar lavages are reported and the fully automated spectrometer developed for clinical and biological investigations is described.
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Research during the past decades on the concentrations of trace-elements in human lung tissue has produced an impressive amount of data (1). Unfortunately, analysis of lung tissue requires surgical sampling, which greatly decreases its general use and the possibility of biological monitoring with epidemiological and occupational objectives. The broncho-alveolar washing technique allows rapid examination of patients without risk, but the small sample size (some milliliters, with only a few million cells) does not allow determination of trace elements with the usual spectrometric techniques.
The energy-dispersive x-ray fluorescence apparatus we developed in our laboratory has been built with the aim of determining trace elements in samples available in very small quantities. Needless to say, any pretreatment of the sample such as preconcentration, acid digestion, or mineralization-with their concomitant manipulations and contaminations-is minimized.
The technique and the first prototype have been described The first results were also discussed and a normal concentration range was determined from data on 80 samples (2). The possibilities of the fully automated prototype and the precision of the determination for 223 samples will be discussed. A more precise normal reference interval is 1 established, and some new features of the technique are discussed. Some categories of occupational exposures, such as welders or steelworkers, are also examined. The need for a precise differentiation of the cells, and especially the characterization of the macrophages, is stressed. Finally, we discuss how our method can be generalized in order to make it suitable for use in routine analysis in all pneumology departments.
Materials and Methods

Sample Preparation
The broncho-alveolar washing technique described previously (2) has not been changed during the last three years. The samples were prepared as described therein, vanadium (V) and yttrium (Y) being the internal standards used for quantification.
Automated Spectrometer
A new, fully automated spectrometer was built based on the previous results and the experience accumulated in xray fluorescence analysis. A filter holder was put between the x-ray tube and the sample holder, to allow optimization of the filtration. To increase the sensitivity for elements spectroscopically close to Mo (Zr, Nb, Mo, Tc, Ru, Rh, Pd) and those having K lines between 20 and 26 keV (Ag, Cd, In, Sn) a 300-sm Mo ifiter was used; for "low-energy elements" a 40-tm nickel ifiter can be provided. As the analysis is nondestructive, a second run can be carried out with a different ifiter on the same samples. To improve the detection limits we optimized the geometry of the prototype #{149} by decreasing the optical path and re-adapting the irradiation surface with an elliptic collimator. The sample holder consists of an aluminum disk with 40 calibrated holes, which support the stretched polypropylene films. Figure 1 shows the disposition of the different components. The quantification is still performed by using the "Super ML" program (Tracer Northern, Inc., Middleton, WI 53562), but the number of references has been increased to 23. Quantification of the 21 elements after normalization to V or Y, as described previously, is done during the accumulation of data from the next sample. To increase the sensitivity we decided to increase the irradiation from 800W to 1200W (40 kV, 30 mA) and the accumulation time from 300 to 500 s. This is possible without prolonging analysis time and without decreasing the useful lifetime of the x-ray tube, and it allowed us to lower the detection limits by a factor of two.
Results
Precision of the Method
To check the precision of the new automated spectrometer, we compared the results for various water samples in interlaboratory tests. Energy-dispersive x-ray fluorescence and inductively coupled plasma atomic emission spectrometry were used to determine lead, selenium, and copper. Table -1 lists our results and those published after the campaign by the organizing authority. The low Pb value in one of the samples can be explained by the long storage of the samples before analysis. Other interlaboratory campaigns will be published in a future study (5).
Precision of the Analysis
The precision of the technique was established previously by the method of known additions (2, 6). To verify these results we examined all the coefficients of variation (CVs) for the different elements for the 220 samples studied. The values are those obtained with both prototypes but with the same analytical variables (300 s, 800 W). Table 2 lists the mean value, the range of the CVs, and the concentration of the different elements normally present in a broncho-alveolar lavage. Figure 2 shows the distribution of the CVs vs the concentration of Fe. The precision clearly decreases with the concentration. For the other elements the concentrations are too low for us to make any conclusion. The CVs for the listed values agree well with those determined previously for the different calibration straight lines (2, 6) . This result confirms the suitability of energy dispersive x-ray fluorescence for determining routinely, with high accuracy, the trace elements in broncho-alveolar lavage fluids. Table 2 also lists results for the different elements obtained by the two pneumonology departments, using the same analytical procedure and with both prototypes developed during the last five years. The mean values are similar except for Zn. This difference disappears when the results are expressed in terms of the number of cells (Tables 3 and  4 ). The mean value of Fe for the second department is a little higher because they selected more occupationally-exposed subjects. The first pneumology team selected subjects so as to increase the non-exposed population for the determination of normal reference intervals.
Lavage Efficiency
To characterize the efficiency of a lavage it is necessary to count the number of cells collected. Usually, macrophages represent about 90% of the total cell population (except for certain diseases such as granulomatosis). The number of macrophages reflects the total dust inhaled, because their number increases rapidly with its amount (7). The number of cells collected also depends upon the amount of alveolar surface that is washed out. The results, expressed on the one hand in terms of the total number of cells collected and on the other in terms of the number of macrophages, give an idea of the lavage efficiency and the amount of dust retained in the alveoli. The broncho-alveolar washing was never performed in a period during which the patients were exposed, and so it reflects the effective alveoli content. Dust deposited in the bronchial tract is eliminated by the mucociliary "escalator" in a few hours (7) . If only two 50-mL portions of sterile physiological salt solution are injected, the first portion is withdrawn to eliminate dust particles deposited in the bronchial tract and to rinse the fiberscope; only the second portion is used as the sample. In that case, fewer cells are collectedthan with numerous pooled injections. Figure 3 shows the distribution of the number of cells collected in both pneumonology departments. One team injected two 50-mL portions, the other three to five. Tables 3  and 4 show that this does not affect the results and that the differences noticed for the concentration of Zn (Table 2) disappear.
Determination of Normal Reference Intervals
Reference population. We had the opportunity to analyze lavages from 12 volunteers, all of them healthy students. Table 4 shows the distribution of the concentrations (in milligrams per liter) and of the amounts of the different elements (in nanogranis per 1000 cells). The former values vary greatly for the different individuals, especially in the case of Fe, Zn, Ni, and Rb. In contrast, the latter values for Fe, Rb, and Pb fall within a narrow range. The same conclusion cannot be drawn for the other elements, and especially for Cu and Ni, for which the latter values have a wider range than those expressed in concentration. Ti has to be attributedpartly to the polypropylene films (2, 4) .
. to the small population sample of volunteers, it is difficult to determine normal values, but these data give some indication of the concentration range for non-exposed subjects.
F-dd#{228}
Non-exposed (patient) population.
To characterize the normal trace-element content of the broncho-alveolar lavage, we analyzed samples from subjects (patients with lung disease) who were not occupationally exposed to mineral dust or subjected to treatment with drugs such as amiodarone, gold salts, or contrast products for roentgenographic examinations. Patients showing hemosiderosis were also excluded from this selected population. The selection was based on examination of the clinical case histories. Table 4 lists the data for this selected population.
Statistical determination of the normal reference interval. We verified the two kinds of values determined by the previously described methods by statistically evaluating the entire population studied during the three years. The mean and the standard deviation (SD) for the population was established for each element, and values lying outside the range in mean ±2 SD were excluded. This statistical procedure was repeated until the SD was approximately the same as the mean value, for a statistically homogeneous population. Table 4 lists the characteristics obtained for the different elements.
Comparison of the Different Reference intervals
A comparison of the different reference values obtained by using the three aforementioned populations shows significant differences.
Iron: The mean value for the volunteers and the statistical value are similar (2.35 and 2.53 ng per 1000 cells). For the non-exposed population the value is higher (3.36 ng per 1000 cells). In fact, 15 patients showed amounts of Fe exceeding 7.00 ng per 1000 cells without being unduly exposed to dust particles or without hemosiderosis. Sample contamination cannot explain these results: the supernate after the centrifugation process and the albuinin-Tris solution were controlled and no contamination was detected. Accidental contamination by metal particles during the homogenization process also does not explain the high amounts of Fe, because the values for the three analyzed droplets were included in the normal uncertainty of the method. For some patients the relatively high amount of Fe could be explained by heart disease, but we could not confirm this hypothesis at the present time. It indicates that the subject selection was not adequate and some important variables were neglected. The only uncertainty that could not be checked afterwards was the number of cells. We were not able to determine the precision of such a counting. Since then, a second lavage has been performed when the sample shows abnormally and unexplained high amounts of trace elements.
Other elements: Here the mean values are also different, as are the standard deviations, for the three populations. For all the elements, the selected population of non-exposed individuals gives the highest mean value and the greatest standard deviation. The lavages containing high concentrations of Cu were from individuals not particularly exposed to this metal. However, specimens from foundry workers and welders, who might well have been exposed to Cu, were found to have substantial amounts of Fe but not of Cu. The same comment as for Cu is also valid for Zn.
Contamination
of samples by dust particles during sample preparation is possible. As we have noticed since we began working on trace-element determinations, Zn is one of the most important contaminants in the environment.
Some of the high values could also be attributed to enzymatic activity, Zn being a cofactor for numerous enzymes. The results for Zn have to be considered with care. The first series of lavages from one pneumology department contained abnormally high amounts of Ni. The origin of this Ni was not determined. However, it partly explains the high mean value for this element in the non-exposed population, because this pneumology department provided us with a large number of non-exposed patients. These same comments apply to Rb. However, its presence in some cases is related to albumin-Tris, which contained Rb as a contaminant of the KC1 salts used to prepare the solution. The presence of Ti in the polypropylene films used to support the samples prevents any conclusion (2). The Pb values found in this study cannot be always explained, because smoking or other hygienic considerations were not included in our criteria for selection of the exposed patients.
Normal Reference Interval
We have concluded that the statistical method used here is currently the best way to determine the normal content of trace elements in lavage fluidsvs the number of cells. Only in the case of Zn did we use the value from the non-exposed population, because of the possibility of contamination. Table 5 lists these values obtained for the mean ±2 SD. As discussed earlier, the content of trace elements per 1000 macrophages was calculatedfor the same population. Some values had to be ignored because the percentage of macro- phages in the lavage was not determined. Table 5 lists these values; they are always higher than the amounts expressed vs the total number of cells, except for Zn. This is because we did not know the percentage of macrophages for some subjects in the non-exposed population with high Zn values. In any case, Zn and Cu values for lavages containing less than 80% macrophages did not show significantly lower values for these elements. Evidently other types of cells, especially lymphocytes, which in certaincases (sarcoidosis) represent the major type along with macrophages, also contain Cu and Zn. Owing to the small number of lavages that contained fewer macrophages than lymphocytes, we cannot be sure of such a deduction. It would be interesting to separate the different types of cells to ascertaintheir trace elements, but at present this is not possible for lavage fluids.
Because the number of macrophages increases rapidly and proportionately to the amount of dust inhaled, it is important also to consider the concentrations of trace elements in the lavage. Especially for heavy smokers the number of macrophages can be very high and so might decrease the amount of elements per 1000 cells or 1000 macrophages, masking the excessof dust. We did not detect such cases.
Reproducibility of the Lavage
To verify the reproducibility of the sampling procedure, we analyzed different lavages from the same subjects over a long period of time. Table 6 lists the results for three patients with normal values. For one patient with secondary siderosis, five lavages were performed during 20 months. The conclusion was always identical. For the same patient an abnormal amount of one element appears in each lavage analyzed. On the whole, differences between the different values were small, especially for Fe. These results confirm the fidelity of the determination of trace elements in the broncho-alveolar lavages and that the normal reference interval is significant.
Selected Populations
Welders and steelworkers: Welders showed high amounts of Fe in their lavage fluids, especially arc welders (6) . In the case of siderosis the amount of Fe can be 20-fold the normal value, and in each case Mn was detected in high amounts. Shot-blasting-induced siderosis was confirmed for one patient but in that case no Mn was detected. For other steelworkers with occupational exposure the amounts of Fe in the lavages are not so high. Mn was only detected nine times for the total population studied, and each time in lavages from exposed patients, except for one subject showing "farmer's lung" (extrinsic alveolitis). In the beginning of our study, Mn was erroneously detected in some lavages (2), owing to bad Fe resolution. Normally, no Mn is detectable in the lavages of non-exposed individuals.
Hemosiderosis:
As shown in Table 6 , secondary siderosis greatly increases the amount of Fe in the lavage fluid, but the amount was normal in another patient with primary hemosiderosis.
Chiysotherapy: For one patient undergoing treatment with gold salts (Allochrysine#{174}), Au was found in the lavage (80 pg per 1000 cells) . Thus Au, like iodine (6), can traverse the alveoli.
DIscussion
Our results, together with previously published examples of abnormal lavage contents, show that analysis for the inorganic constituents of broncho-alveolar lavage can confirm the clinical diagnosis in some occupational diseases. They also reflect the ability of certain drugs to remain in the lungs for a long time.
To better define the relation between the amount of trace elements and the development of occupationally induced pathological conditions, more data are needed from subjects exposed to similar contaminated environments.
To allow other pneumology departments to benefit from the capability to do inorganic analysis of the lavages, we checked whether such specimens can be validly mailed. We made determinations of samples over several days without freezing them between the two analyses, finding no significant differences. We chose a sampling set that included three tubes, washed with doubly distilled water before being sent to the users. One of them was a centrifuge tube adapted to the Teflon grinder (2), in which the cell pellets are suspended in albumin-Ths solution. The other two tubes are provided for a portion of supernatant fluid and an aliquot of albumin-Ths solution, used to check for any contamination of the samples. Finally, a leaflet detailing the washing and preparation procedure, including the dii ferential cell-counting technique, is included. With these simple precautions, it was possible to analyze lavages sent by various pneumology departments without finding any significant differences from the reference population. Figure  4 summarizes the procedure from the broncho-alveolar washing to the inorganic analysis. We stress that the differential cell counting must be done promptly after the centrifugation, because the cells are altered during transport. Elements that are not present naturally in the lavage, such as W, I, and Au, can be determined even after a long period of time. Other, more-soluble elements or species are quickly eliminated from the alveoli. Because the washing procedure is harmless (2), one can also follow the clearance of some toxic elements with this analytical technique. For elements normally present in the lavage fluid-such as Fe, Cu, Zn, Ni, Rb, Ti, and Pb-abnormal amounts can also be detected if the contents are expressed in terms of the number of cells or macrophages.
We have begun a complementary study of Be, Li, B, and Al by inductively coupled plasma atomic emission spectrometry, to establish their normal content in the lavages, these elements being not determined by the present technique.
The spectrometer we use (Perkin Elmer 6500) allows determination of elements after acid digestion of 1 mL of homogenized lavage diluted fivefold in doubly distilled water. Together with the 75 elements detected simultaneously by the present technique in routine analysis, this will cover the major elements known to be involved in occupationallyinduced diseases. Because atomic emission spectrophotometry requires relatively large volumes of samples, these elements are only determined on special indication.
